Introduction {#Sec1}
============

*Tylophora indica* (Burm. f.) Merr. resides in Asclepiadaceae of angiosperm family. The plant is a curative climber originally established in the plain and hilly areas of forest found in the Eastern and Southern India extending to an elevation of 900 m. Various synonyms of the plant include *Cynanchum indicum* Burm. f., *T. asthmatica* (L. f.) Wight and Arn. in Wight, *Asclepias asthmatica* L. f. and *A. prolifera* Rottl. ex Ainslie. Its common English name is 'emetic swallow-wort' (Sasidharan [@CR36]). Due to its excessive medicinal use, attempts were made to standardize micropropagation protocols in this plant by using different explants (Thomas and Philip [@CR39]; Thomas [@CR37], [@CR38]). Plant secondary metabolites are chemical compounds having negligible function in the perpetuation of fundamental life activities in plants which manufacture it. However, it has crucial task in the intercommunication of the plant with its habitat. The synthesis of these compounds is usually a little (less than 1% dry weight), and it has tremendous influence on the physiological and developmental state of the plant (Dixon [@CR9]; Oksman-Caldentey and Inzé [@CR26]). The major alkaloid present in *T. indica* is phenanthroindolizidine type, and its heterocyclic ring consists of indolizidine ring fused to a phenanthrene ring. This alkaloid was isolated and named as 'tylophorine' by Ratnagiriswaran and Venkatachalam ([@CR33]) for the first time. Along with tylophorine, they had isolated alkaloid 'tylophorinine' also from the aerial parts of *T. indica*. The roots and foliage of the plant yield 0.2--0.46% tylophorine, tylophorinine and tylophrinidine (Gopalakrishnan et al. [@CR12]). The plant is conventionally employed for the medication of several respiratory disorders such as bronchitis, seasonal cough and cold, hay fever and asthma (Haranath and Shayamalakumari [@CR18]; Gupta et al. [@CR16]; Rao et al. [@CR30]). The roots along with leaves of the plant are further employed to alleviate jaundice and liver disorders (Devprakash et al. [@CR7]). Tylophorinine, a minor alkaloid, was isolated and characterized from *T. asthmatica* by Govindachari et al. ([@CR14]). Dhiman et al. ([@CR8]) isolated and characterized a novel phenanthroindolizidine alkaloid, 3-*O*-demethyl tylophorinidine (VI), from the leaves and stems of *T. indica* by utilizing various chromatographic and spectroscopic techniques. Zhen et al. ([@CR52]) reported that phenanthroindolizidine alkaloids like tylophoridicine A, *O*-methyl tylophorinidine and tylophorinidine possessed prominent anticancer activity towards different cell lines.Fig. 1Chemical structures of prominent alkaloids from *Tylophora indica*

Sources and Chemistry of Tylophorine {#Sec2}
====================================

Ratnagiriswaran and Venkatachalam ([@CR33]) separated and quantified tylophorine and tylophorinine from *T. asthmatica* (syn. *T. indica*). These compounds were segregated through fractional crystallization of the composite salts. Rao and Brook ([@CR28]) extracted biologically efficacious alkaloids including tylophorine from *T. indica* and *T. dalzellii* by acid extraction succeeded by solvent distillation utilizing methanol followed by ethyl acetate and chloroform. Viswanathan and Pai ([@CR41]) analysed the chemical constituents in *T. mollissima* and isolated caffeine alkaloid as a greater constituent, along with tylophorine and tylophorinine, a lesser content alkaloids. The compounds were characterized by different spectroscopic techniques. Govindachari ([@CR13]) separated and quantified tylophorinidine, tylophorine, tylophorinine, septicine and isotylocrebrine by chromatographic method utilizing alumina. They had reviewed the structure of tylophorinine and tylophorinidine through X-ray scrutiny. It is believed that the presence of several alkaloids including tylophorine in the form of secondary metabolites in *Tylophora* resulted in its high medicinal value in herbal medicine.

Tylophorine (C~24~H~27~NO~4~) is a bioactive secondary metabolite present in *T. indica* (Fig. [1](#Fig1){ref-type="fig"}). It contains organonitrogen heterocyclic and organic heteropentacyclic compounds. Its IUPAC name is (13as)-2,3,6,7-tetramethoxy-9,11,12,13,13a,14-hexahydrophenanthro\[9,10-f\] indolizine. It has a tertiary base with a 2,3,6,7-methoxyl-substituted phenanthrene ring system and is joined with an indolizidine ring in its 9,10-position. The molecular formula of this compound is C~24~H~27~NO~4~. The molecular weight of tylophorine is 393.194008 g/mol. Elemental analysis showed C 73.26%, H 6.92%, N 3.56% and O 16.26% as the percentage composition of various elements (Ali and Butani [@CR3]). The related compounds include tylophorinine and tylophrinidine (Fig. [1](#Fig1){ref-type="fig"}).

The IUPAC name of tylophorinine (C~23~H~25~NO~4~) compound is (13*aS*,14*R*)-3,6,7-trimethoxy-9, 11, 12, 13, 13*a*, 14-hexahydrophenanthro \[9, 10-f\] indolizin-14-ol. The molecular weight of tylophorinine is 379.400 g/mol (Mulchandani et al. [@CR23]). The IUPAC name of tylophrinidine (C~22~H~22~NO~4~) is (13*aS*,14*S*)-3,7-dimethoxy-9, 11, 12, 13, 13*a*, 14-hexahydrophenanthro \[10, 9-f\] indolizine-6, 14-diol, and the molecular weight is 365.4 g/mol (Mulchandani et al. [@CR23]).

Bioactive Properties and Application of Tylophorine {#Sec3}
===================================================

Family Asclepiadaceae produces phenanthroindolizidine alkaloids as major secondary metabolites. The phenanthroindolizidine alkaloids are considered as extremely important phytochemical due to its intense cytotoxic effect. This is due to its role in the prevention of the synthesis of DNA and proteins (Rao et al. [@CR31], [@CR32]; Abe et al. [@CR2]; Rao and Venkatachalam [@CR29]). The properties and bioactivities of tylophorine has been well investigated (Table [1](#Tab1){ref-type="table"}). Tylophorine possesses antiproliferative action in cancer cells; it rapidly diminishes cyclin D1, reduces protein biosynthesis and prevents vascular smooth muscle cell proliferation in vitro (Joa et al. [@CR19]). Apoptosis could be mediated by unique application of tylophorine or tylophorine plus doxorubicin in T47D breast cancer cells; this happened because it regulated the expression of genes of caspases 3 and 9 (Pratama et al. [@CR27]). Wang et al. ([@CR44]) communicated that tylophorine analogues like DCB-3503 and rac-cryptopleurine could interrupt hepatitis C virus multiplication. The tylophorine-assisted downregulation of cyclin A2 protein levels resulted in primary G1 arrest. Chromatin immunoprecipitation studies disclosed that tylophorine induced c-Jun downregulation of the cyclin A2 promoter activity (Yang et al. [@CR50]). Tylophorine could induce anti-angiogenesis effects via VEGFR2 signalling pathway and acts as a suitable drug candidate for anti-angiogenesis and anticancer therapies (Saraswati et al. [@CR35]). According to Niphakis et al. ([@CR25]), tylophorine alkaloid has remarkable antiproliferative properties. The efficiency of tylophorine compounds as a unique and vigorous anti-coronavirus factor as well as the probability to develop it into therapeutic agents for alleviating transmittable gastroenteritis virus (TGEV) or severe acute respiratory syndrome coronavirus (SARS CoV) infection has been reported by Yang et al. ([@CR49]).Table 1A brief summary of various in vitro bioactivity studies of tylophorineBiological activity of tylophorineReferencesAntiproliferative action in cancer cellsJoa et al. ([@CR19])Anticancer activityPratama et al. ([@CR27]); Yang et al. ([@CR50]); Saraswati et al. ([@CR35]); Niphakis et al. ([@CR25]); Wang et al. ([@CR43]); Wei et al. ([@CR45])Anti-inflammatory actionLee et al. ([@CR21]); Yang et al. ([@CR47]); Wen et al. ([@CR46])Cytotoxic activityYang et al. ([@CR48])Positive stimulant to adrenal cortexUdupa et al. ([@CR40])Antifeedant activityReddy et al. ([@CR34])Antiviral activitiesWang et al. ([@CR42]); Yang et al. ([@CR49]); Wang et al. ([@CR44])AntibacterialReddy et al. ([@CR34])Antiamoebic actionBhutani et al. ([@CR5])AntifungalReddy et al. ([@CR34])Hepatoprotective activityGujrati et al. ([@CR15])Anti-allergic activityNayampalli and Sheth ([@CR24]); Ganguly et al. ([@CR11])Anti-angiogenicSaraswati et al. ([@CR35])Diuretic activityMeera et al. ([@CR22])Inhibition of cellular immune responsesGanguly and Sainis ([@CR10])Therapeutic agent for inflammatory arthritisYou et al. ([@CR51])

DCB-3503 is an analogue of tylophorine; it arrests the multiplication of PANC-1 (human pancreatic ductal cancer cell line) and HepG2 (human hepatocellular cancer cell line) tumour found in mice. The mechanism of action of inhibition is cell differentiation, and there is no cell death. Nevertheless, the exact role played by tylophorine analogue is obscure. Tylophorine analogue, DCB-3503, can repress translation, and therefore the mode of functioning is dissimilar with other available anticancer molecules as it interferes with protein synthesis (Wang et al. [@CR42]). In another study conducted by Wang et al. ([@CR43]), several C9-substituted phenanthrene-based tylophorine derivatives were made in the lab and evaluated its antiviral properties towards tobacco mosaic virus (TMV). The properties of synthesized compounds were comparable to that of the alkaloid tylophorine. Yang et al. ([@CR47]) observed potent cytotoxic activity for new nine-substituted phenanthrene-based tylophorine analogues. Tylophorine exhibited higher antifeedant activity as compared to septicine, O-methyl tylophorinidine and simple aliphatic acid, isolated from *T. indica.* These pure compounds showed prominent antibacterial action at lower concentrations to several bacterial strains tested other than *E. coli*. At the same time, pure compounds demonstrated antifungal action against *Aspergillus niger*, *A. fumigatus* and *Trichoderma viride* (Reddy et al. [@CR34]). Tylophorine can provide positive stimulant to adrenal cortex (Udupa et al. [@CR40]). According to Bhutani et al. ([@CR5]), tylophorine exhibits antiamoebic action. Hepatoprotective activity was demonstrated in alcoholic and aqueous distillate of *T. indica* foliages*,* which contained tylophorine (Gujrati et al. [@CR15]). Anti-allergic activity was demonstrated for tylophorine and other related alkaloids. This action is mainly due to immunosuppressive effects, direct bronchodilator and membrane stabilizing properties (Nayampalli and Sheth [@CR24]). Aqueous as well as alcoholic leaf extracts of *T. indica* revealed prominent diuretic action (Meera et al. [@CR22]). *Tylophora* alkaloids suppressed contact sensitivity towards dinitrofluorobenzene in mice as it was treated just before or after contact sensitization (Ganguly et al. [@CR11]). Anti-inflammatory activity was reported by phenanthroindolizidine alkaloids, such as tylophorine and ficuseptine A (Yang et al. [@CR47]).

Biotechnological Production of Tylophorine {#Sec4}
==========================================

Agrobacterium-Mediated Transformation and Tylophorine Production {#Sec5}
----------------------------------------------------------------

The Gram-negative bacterium *Agrobacterium rhizogenes* is usually present in soil which can infect higher plants and produce genetically modified roots. During transformation, the bacteria transfers T-DNA---a 25-bp oligonucleotide repeat---from its root inducing (Ri) plasmid to the genome of the affected plant. During this process, the plant can produce fine hair-like roots known as 'hairy roots' at the location of infective spot. This protocol is regarded as one of the most feasible ways of producing useful secondary metabolites without destroying the natural plants. It can provide continuous supply of desired secondary metabolites within a brief period. Chaudhuri et al. ([@CR6]) standardized a technique for the transgenic root production in *T. indica* using *A. rhizogenes* (LBA 9402 and A4 strains). *A. rhizogenes* were used to infect the leaves, stems and intact shoots, and calli and roots were induced from such explants at various sites. The response was mainly depending on factors like type of strains used, type explant and the infection sites. Only one strain (i.e. A4) responded and induced transformation. The maximum frequency of transformation was 60% with intact shoots. The transformed nature of the roots was confirmed by PCR analysis. The tylophorine production varied considerably in various root clones analysed. Roots attained maximum biomass and tylophorine yield in 4--6 weeks of suspension culture. The tylophorine extraction was performed by the modified method of Abe et al. ([@CR1]). Roots were dried, powdered and defatted with petroleum ether for 24 h. Further extraction was carried out by using 25-mL chloroform by cold percolation for 24 h. This was performed thrice, and all the extracts were combined and dried by evaporation. The 5-mL residual medium was extracted thrice using chloroform (10 mL) by continuous stirring for about 2 h, and the chloroform portions were isolated by a separating funnel. All the fractions were pooled together, dried and resuspended in a 5-mL mobile phase and filtered using a millipore filter (0.2 mm). High-performance liquid chromatography (HPLC) analysis of the transformed roots was performed, and the maximum tylophorine yield was obtained in clone numbers 5 and 41 (1.29 ± 0.02 and 1.29 ± 0.5 mg/g DW), respectively.

Extraction from Dried Leaves, Callus and Suspension Cultures {#Sec6}
------------------------------------------------------------

Anand et al. ([@CR4]) isolated tylophorine from the leaves, callus and suspension cultures of *Tylophora* spp. The protocol employed was cold extraction with acetic acid in methanol, followed by acid extraction with acetic ethyl acetate. Leaf-derived callus (1.0 g) was maintained in MS medium (about 100 mL) containing plant growth regulators in a 250-mL conical flask and placed on a shaker with 120 rpm. The biomass observations were done every 3 days. The leaves collected from field-grown plants were dried and ground to fine powder before processing. The protocol was employed by Rao and Brook ([@CR28]) for further processing. Further, extraction protocol employed was cold extraction with acetic acid in methanol, followed by acid extraction with ethyl acetate and HCl. High-performance thin-layer chromatography (HPTLC) technique was used to separate tylophorine, and the samples were confirmed with the presence of tylophorine in comparison with the Rf value of test samples as that of standard. The outcome of HPTLC result indicated seven dissimilar peaks, of which the seventh one is confirmed as tylophorine. The quantitative analysis was done by analysing the peak area and standard concentration. Of the three different sources employed for quantitative analysis of tylophorine, leaf extract exhibited maximum (yield 80 μg/mL), followed by leaf callus (yield 24.46 μg/mL) and suspension extract (28.30 μg/mL). In another similar work by the same authors, Kaur et al. ([@CR20]) studied the tylophorine content in leaves of *T. indica*. The collected foliage was washed in free-flowing tap water. Further, leaves were dried and ground to clear powder using a mortar and pestle. To remove the oil-soluble components, the leaf powder was washed twice with hexane. Further, to extract components in the acetate layer, it was soaked overnight in ethyl acetate. The pH of the filtered extract was maintained at 3--4 with HCl. Distilled water (100 mL) was added to dilute the extract and then concentrate it to half of its volume by using a flash evaporator at 55--60 °C. Dichloromethane was used to wash the extract three times, and the pH was adjusted from 11 to 13 by using NaOH. Flash evaporator was used to concentrate the extract and was resuspended in chloroform for HPTLC analysis. With the help of a 100-μL syringe, the plant extract was applied on precoated silica gel plates (10 × 10 cm) with a band length of 8 mm and a track separation of 12 mm. Toluene/chloroform/ethanol/ammonia (4:3.5:1.5 drop) was used as solvent system and scanned at 258-nm wave length. The quantitate estimation of tylophorine was done by the following formula:
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Densitometry evaluation at 258 nm showed seven different bands including tylophorine with Rf 0.68 and 81.42% area. The quantitative estimation showed a yield of 80 μg/mL tylophorine.

Extraction Using Maceration Method {#Sec7}
----------------------------------

Gupta et al. ([@CR17]) developed an experimental procedure for the extraction of tylophorine. This protocol is called maceration method. The extraction experiments were carried out by using various solvents like ethanol (95%), chloroform and sulphuric acid (2%). Hot extraction was carried out with 95% alcohol with various concentrations of glacial acetic acid and citric acid. The defatting of the sample was carried out with petroleum ether and subsequently macerated with 95% alcohol. The extract thus obtained was concentrated to one-fourth volume by using a rotary vacuum evaporator. Further purification was done by acid-base purification technique. Both alkaloid and standard were compared by thin-layer chromatography in order to confirm the presence of tylophorine. The alkaloid tylophorine was characterized by using various techniques like IR, UV, NMR and mass spectroscopy. The alkaloid was further examined by HPLC technique to find out its tylophorine content. Of the various techniques used for tylophorine extraction, hot extraction with 95% alcohol containing 2% citric acid gave the best yield. Here the total alkaloid content, tylophorine content and total tylophorine yield were 0.280 g, 17.25 (%w/w) and 0.0483 g, respectively. The reason for highest yield in this treatment was due to the reaction of alkaloids with acid and the subsequent formation of salts which is more soluble in 95% alcohol, and therefore higher yield was obtained. Therefore, it was concluded that this protocol is most effective and could be used for the commercial extraction of tylophorine.

Conclusions {#Sec8}
===========

Tylophorine is an alkaloid obtained from *T. indica.* In addition, the plant contains tylophorinine, tylophrinidine, septicine and isotylocrebrine. Major alkaloid tylophorine possesses many properties including immunosuppressive, antitumour, antifeedant, antibacterial, antifungal, antiamoebic, diuretic and hepatoprotective activities. As an important alkaloid, it has different potential medical applications. Although various methods have been standardized for the biotechnological production and extraction of tylophorine, an efficient and cost-effective protocol still needs to be standardized. Moreover, the quantitative improvement of tylophorine still remains as a challenge.
